This work describes the results of a study which started in 2007 to investigate the ultrafine particle (UFP) pollution in the urban area of Rome. The sampling site was located in a street with high density of autovehicular traffic, where measurements have shown that carbonaceous particulate matter represented an important fraction of aerosol pollution. UFPs have been classified by means of an electrostatic classifier. Monodisperse aerosol was either counted by ultrafine water-based condensation particle counter or sampled by means of a nanometer aerosol sampler. Samples collected were investigated using energy filtered transmission electron microscope in combination with energy dispersive X-ray spectroscopy and electron energy loss spectroscopy. Electron transmission microscope observations revealed that carbonaceous UFPs were present also as nanotube related forms.
INTRODUCTION
Ultrafine particles (UFPs) are recently attracting increasing attention due to their potential effects on human and environmental health (Chen et al., 2010) . Their large surface-to-volume ratio and ability to deposit deep in the respiratory tract make UFPs potentially more toxic than their larger counterpart (Nel et al., 2006; Braniš and Větvička, 2010) . Several epidemiological studies have shown associations between ambient ultrafine particles and adverse respiratory and cardiovascular effects (Peters et al., 1997) , resulting in morbidity and mortality in susceptible subpopulations. A high deposition efficiency of UFPs in the pulmonary region was demonstrated in healthy subjects (Brown et al., 2002) and an increased deposition was observed in patients with asthma (Chalupa et al., 2004) or chronic obstructive lung diseases (Brown et al., 2002) . The mechanisms for the cardiovascular effects are not completely understood, but a possible hypothesis is that, because of their small size, UFPs could enter the systemic circulation and induce direct effects on myocardium or coronary vasculature (Nemmar et al., 2004) . Several studies have indicated that about 50-70% of UFP mass consists of carbonaceous material (Puxbaum and Wopenka, 1984; Berner et al., 1996; Hughes et al., 1998; Chen et al., 2010; Zhu et al., 2010b) . Combustion-derived ultrafine particles, such as diesel soot, are the most numerous particles, by number, in urban PM 10 . Carbon particle aggregates containing substances like Fe, other transition metals, Volatile Organic Compounds (VOCs) and polycyclic aromatic hydrocarbons, have been associated with the inflammatory reaction caused by particles (Gilmour et al., 1996; Johnston et al., 1996; Osier and Oberdorster, 1997; Vedal, 1997; Venkataraman and Raymond, 1998) .
The carbonaceous material (total carbon, TC) is classified into elemental carbon (EC) or black carbon (BC), depending on thermal or optical properties respectively Zhu et al., 2010a) , and organic carbon (OC). The EC fraction has a graphitic structure: it is a primary pollutant emitted directly during combustion processes (Avino et al., 2000; Zhu et al., 2010a; Zhu et al., 2010b) . The OC fraction is composed by different classes of compounds (hydrocarbons, oxygenated compounds, etc.): it has both primary and secondary origins. The primary OC (OC prim ) is emitted as sub-micron particles or from biogenic plant emission, whereas the secondary OC (OC sec ) may originate from gas-particle condensation of VOCs with low vapour pressure, by chemical-physical adsorption of gaseous species on particles or as product from photochemical atmospheric reactions (Mohler et al., 1997) . TC particles act as carriers of toxic compounds inside the human respiratory system causing Chronic Obstructive Respiratory Diseases (CORDs) and/or new pathologies related with the pollutants delivered (Avino et al., 2004) . In recent years several worldwide studies on aerosol particle number concentrations and size distribution have been published (Hussein et al., 2003; Buonanno et al., 2009; Buonanno et al., 2010; Chen et al., 2010; Liu et al., 2010; Zhu et al., 2010b) . Because of lack of relevant data in the urban area of Rome, a study has been undertaken on UFP number size distribution and composition, starting from measuring carbonaceous particulate matter. UFPs were investigated by Scanning Mobility Particle Sizer (SMPS) and Fast Mobility Particle Sizer (FMPS) analyzers and were collected by a Nanometer Aerosol Sampler (NAS) and observed by EFTEM.
METHODS

Site Description
Aerosol and gas-phase pollutant (CO and NO x ) measurements were carried out at the Pilot Station located in a street canyon in downtown Rome at the ISPESL's building (near S. Maggiore Cathedral). The site is characterized by high density of autovehicular traffic. Carbonaceous aerosol measurements were performed in the green park of Villa Ada as well, where samples for the chemical characterization of OC were also taken. Seasonal measurements of OC and EC and UFP number size distribution were carried out from 2007 at ground level.
PM 10 and Carbonaceous Aerosol Measurements
PM 10 measurements were performed with a Tapered Element Oscillating Microbalance (TEOM) Ambient Particulate monitor (Rupprecht & Patashnik Co Inc., Albany, NY, USA).
The EC and OC separation was carried out by means of an Ambient Carbon Particulate Monitor 5400 (ACPM 5400, Rupprecht & Patashnik Co Inc.) equipped with a 10 µm-sampling head. The ACPM 5400 is based on a twostep combustion procedure. By means a non-dispersive infrared detector (NDIR) the instrument measures the CO 2 amount released when a particulate matter sample collected in a collector is oxidized at elevated temperatures. The instrument measures the OC concentration at 350°C and the TC concentration at the 750°C. EC is calculated as difference of TC and OC. Aerosol samples for the chemical characterization of OC were collected on glass fiber filters by means of a high volume aspirating pump equipped with a 10 µm sampling head. Each sampling lasted 12 or 24 h. The method of extraction and analysis was described in detail in a previous publication (Marino et al., 2002) . The OC sec fraction was assessed using EC as a tracer of OC pri (Castro et al., 1999) by the equation:
The calculation relies on the estimate of the primary OC/EC ratio that is assumed to be associated to samples with minimum OC/EC values, OC/EC ratios greater than (OC/EC) min indicate that secondary OC formation occurred.
Gas-phase Pollutants
Carbon monoxide and NO x concentrations have been measured by means of a Recordum Airpointer analyzer (Airpointer, Mödling, Austria).
UFP Number-size Distribution Measurements
Aerosol number size distributions were measured using a Scanning Mobility Particle Sizer (SMPS, model 3936, TSI, Shoreview, MN USA) equipped with an Electrostatic Classifier (model 3080, TSI) and a Differential Mobility Analyzer (DMA, model 3085, TSI), for the electrical mobility diameter size classification of the particles. The charge equilibrium for the sample flow was obtained by a bipolar 85 Kr aerosol neutralizer (model 3077, TSI) before entering the DMA (Wiedensohler, 1988) . At the exit of DMA particles were either counted with a water-based Condensation Particle Counter (model 3786, TSI), or sampled by means of a nanometer aerosol sampler (model 3089, TSI). The aerosol and the sheath air volume flow rates of the DMA were equal to 0.5 and 5 L/min, to measure particle number concentration over the size range 3.5 to 117 nm electrical mobility diameter. The time resolution for the whole size range was 5 min.
Highly time-resolved particle number size distributions (1 s time) were measured by means of a Fast Mobility Particle Sizer (FMPS, model 3091, TSI) in the range from 5.6 to 560 nm electrical mobility diameter.
Sampling and TEM Sample Preparation
The nanometer aerosol sampler (TSI 3089) consists of grounded cylindrical sampling chamber with an electrode at its bottom. The sampler operated at 0.75 L/min, and -7 keV. Particles were collected due to the electric field applied between the chamber and the electrode. Samples were collected over 12 h sampling time. Particles on TEM grids (standard 300-mesh copper grids coated with carbon film) were investigated using Energy Filtered Transmission Electron Microscope (EFTEM). Conventional and high resolution TEM micrographs were acquired to get morphological information. The elemental analysis was carried out by means of energy dispersive X-ray spectroscopy (EDS). TEM experiments were performed by a FEI TECNAI 12 G2 Twin operated at an accelerating voltage of 120 kV, equipped with an electron energy filter (Gatan Image Filter, BioFilter model) and a Peltier cooled charge-coupled device based slow scan camera (Gatan multiscan camera, model 794).
RESULTS AND DISCUSSION
Carbonaceous Aerosol Measurements
The carbonaceous material represents an important contribution to the aerosol pollution in downtown Rome, as shown in Fig. 1 reporting the cumulative frequency distribution of the percent contribution of TC to PM 10 in winter and summer seasons. In both seasons most frequent TC data are between 20% and 40 % of PM 10 . Higher TC/PM 10 ratios (40-60%) are relatively more frequent in summer than in winter due to the greater photochemical contribution. The OC contribution to the carbonaceous PM in winter and summer is described in Fig. 2 . The OC percentage varies depending on the season and the sampling point. In fact, in downtown Rome, where the pollution sources are dominated by anthropogenic emissions, OC/TC is between 25-60% with a mean value around 42% in cold period and between 30-65% with a mean of 47% during hot period. The situation is quite different inside the green park "villa Ada" where the anthropogenic emissions do not affect directly the OC/TC levels (0.52 and 0.59 in cold and hot period, respectively): villa Ada park is considered as representative of Rome background pollution. The OC and EC levels were similar to the literature values found in different cities at ground level (Table 1) Table 2 .
UFP Number-size Distributions
Total UFP number concentrations showed a typical daily modulation with peak values during periods of maximum autovehicular traffic intensity and of solar radiation. Minimum values were measured during nocturnal hours, when the effect due to the reduction of the autovehicular traffic emission overcomes the decrease of the atmospheric mixing height. Daily trends of hourlyaverage UFP number concentrations were substantially similar during the periods investigated ( Fig. 3) with daily averages ranging from 23,100 to 42,000 1/cm 3 and from 13,400 to 45,000 1/cm 3 , respectively in April-May 2008 and in January 2009.
Figs. 4(a) and 4(b) show the scatter plots of UFP number concentrations, in the ranges 3-10 nm and 50-117 nm, and nitrogen oxides, in April-May 2008 and January 2009, respectively. The range 3-10 nm, includes particles in the nucleation mode formed directly from the gas/vapour phase, whereas the range 50-117 nm refers to particles in the Aitken mode, that have aged and grown somewhat.
While for the particles in the range 50-117 nm the correlation with nitrogen oxides is pretty good with a Pearson correlation coefficient of 0.7 in both periods, the particles in the nucleation mode are basically uncorrelated (Pearson correlation coefficient of 0.1 and 0.3 respectively in May-April 2008 and January 2009). This can be explained considering that such kind of particles are not only freshly emitted by combustion sources but are also formed by homogeneous nucleation in atmosphere: in this case they depends both on the degree of atmospheric radical activity and on the dilution conditions of engine exhausts. Confirming the main origin due to autovehicular traffic, UFP number concentrations (hourly averages) displayed similar patterns of variation as carbon monoxide (hourly averages), a typical primary pollutant associated to the autovehicular exhaust ( Fig. 5(a) ). Differences in the trends of the two pollutants were, however, observed, as shown in Fig. 5(b) , when UFP trend displayed a peak with maximum value between 12 am and 1 pm. In the same period, CO concentration profile was fairly constant, implying that the peak observed for UFPs did not arise directly from primary autovehicular emissions.
Although highly size-resolved measurements, SMPS data are not the most appropriate to study fast evolution of aerosols such as those related to engine exhausts, due to the relatively high response time. Particle formation episodes, occurring in the time scale of few seconds, were detected with FMPS measurements. An example is reported in Fig. 6 , describing the particle size distribution in the range 5.6-560 nm as a function of time and showing an abrupt increase of particle number concentration. Such episode, clearly not ascribable to a photochemical induced mechanism, since occurring during nocturnal hours, was probably due to particle nucleation from supersaturated vapour in a combustion exhaust plume. Within few seconds particle number size distributions changed with about a hundred-fold increase of concentration of particles in the nucleation mode (Figs. 7(a) and 7(b) ). Favoured by the lower nocturnal temperatures and by the lower levels of total particle number concentration, implying less surface available for the competing condensation of supersaturated gaseous species, peak values of total particle number concentration by far exceed the values measured during diurnal rush hours (Fig. 8) .
Transmission Electron Microscope Analysis
Mobility-classified ultrafine particles were distinguished based on morphological and chemical information obtained with the EFTEM-EDS. 76% of the particles analyzed were composed of carbon ( Fig. 9(a) ), they presented oval, spherical or polyhedrical shape.
Carbonaceous nanocrystal aggregates were collected, containing also carbon nanotubes. An example is shown in Fig. 9(b) , where the inset displays a detail of the nanotube edges obtained by a High Resolution TEM micrograph. Fullerenes and carbon nanotubes occur naturally and have been found in hydrocarbon flames (acetylene, benzene, ethylene) and natural gas (96% methane)/air and propane/air combustion exhausts (Murr et al., 2004) . Moreover, carbon nanotubes were observed in a small fraction of soot collected by thermophoretic precipitation from wood burning in air (Murr and Guerrero, 2006) .
12.8% of the particles were constituted mainly of carbon with traces of other elements such as K, Mg, Si and N. Moreover, 6.3% of the particles included: elongated Fig. 7 . Highly time-resolved evolution of the aerosol number size distribution: soon before (a) and during (b) the episode described in Fig. 6 . Fig. 8 . 30 s-averaged total (5.6-620 nm) particle number concentration referring to the episode described in Fig. 6 . Fig. 9 . TEM micrographs of carbonaceous particle (a) and carbon nanotube aggregate (b).
particles containing Mg, Fe; particles constituted by Mg, Cr, Fe, Ni and particles composed of Fe, Ni. An example of particle constituted by Fe and Ni is reported in Fig. 10(a) showing a bright field (BF) micrograph obtained by Scanning Transmission Electron Microscope (STEM). Fig.  10(b) shows the EDS spectrum acquired at the point corresponding to the circle reported in the STEM micrograph. All EDS spectra exhibit high Cu peaks that originate from the Cu grids and the sample holder. 1.8% of particles consisting mostly of Si were also detected.
Studies conducted in different sites of California detected the presence of trace metal concentrations in UFPs. The most abundant catalytic metals measured in the ultrafine particles, in the atmosphere of seven cities in Southern California, were Fe, Ti, Cr, Zn (Cass et al., 2000) . The same transition metals were found at Pasadena (Hughes et al., 1998) , while Fe, Cu and Zn were detected in the ultrafine size range at Bakersfield, CA (Chung et al., 2001) . A study conducted in two urban areas of Southern California, Downey and Riverside, found that Fe was the most abundant transition metal in both locations followed by Cu, Zn, Cr, V and Ni (Kim et al., 2002) . Moreover, a study on the chemical properties of ultrafine particles in the Helsinki area showed metal concentrations in the Aitken mode (Pakkanen et al., 2001) : the presence of Mg, Ca, Sr was attributed to vehicle exhausts and Fe, Co, Ni, Mo to heavy fuel oil combustion.
CONCLUSIONS
Seasonal measurements of OC and EC showed that the carbonaceous fraction in downtown Rome accounted for 20-40% of the PM 10 at ground level. In downtown Rome the OC average contribution to TC was about 47% and 42%, in summer and winter seasons respectively. In the background area of villa Ada OC represented 59% of TC in summer and 52% in winter. The presence of n-alkanes (total level 140.1 ng/m 3 ), n-alkanoic acids (total level 30.8 ng/m 3 ) and PAHs (total level 22.4 ng/m 3 ) in PM composition should be underlined.
Total UFP concentration followed a daily trend governed by both the evolution of the atmospheric mixing height and the variation of the autovehicular traffic intensity. The good correlation of particle number concentration in the range 50-117 nm and nitrogen oxides confirmed the role played by the autovehicular traffic as the main source of UFPs. The lack of correlation between particles in the nucleation mode and nitrogen oxides evidenced the important contribution due to the formation of new particles from the gas phase. Such contribution occurs through radical photooxidative processes or through condensation of supersaturated vapours from autovehicular exhausts, as evidenced by highly timeresolved aerosol size distribution measurements. The differences observed in the trends of variation of UFPs and carbon monoxide confirmed such findings. The role of photochemical processes was also confirmed by the higher contribution of OC sec to OC estimated in summer than in winter.
Moreover, EFTEM equipped with EDS was employed for morphological and chemical characterization of mobility-classified ultrafine particles. TEM analyses, evidencing the presence of nanotube related forms and transition metals in the ultrafine size range, have shown the need for further studies on the structure, morphology and chemical composition of UFPs. The integrated approach of aerosol size distribution measurements and TEM characterization can furnish useful information to toxicologists regarding both the size related deposition efficiency of particles in the respiratory tract and their biological activity linked to the chemical composition.
